ABSTRACT Hens were fed corn-soybean meal diets containing 0.35, 0.25, 0.15, or 0.10% nonphytate phosphorus (NPP) (40 to 60 wk). Phytases A and B were added at 0.25, 0.15, and 0.10% at 250 to 300 units of phytase (FTU)/kg feed in a 3 × 3 factorial; 0.35% was a control diet. Treatments were replicated with eight cages per treatment (five hens per cage) in a randomized complete block design. Phytase supplementation had a significant effect on several production parameters: feed intake, feed conversion, and egg mass. Results showed nonsignificant effects (P < 0.06) on feed intake when hens were supplemented with phytase A or B and consumed more feed compared to the basal diet at 0.10% NPP. The feed conversion of birds fed 0.10% NPP without phytase was the least efficient compared to the other nine treatments (P < 0.05). Egg mass was significantly greater for hens sup-
INTRODUCTION
Dietary requirements for P and its availability in feedstuffs of plant origin are key issues in poultry nutrition. Phosphorus from plant sources is only 30 to 40% available (Perney et al., 1993) , because much of the P is in the form of phytate (myo-inositol hexaphosphate) and is poorly used by poultry.
Phytate is a naturally occurring organic compound found in plants. Phytate P can complex with several cations such as Ca, Mg, Zn, Fe, K, and Cu, as well as with amino acids (Ravindran et al., 1998) . Because poultry lack adequate amounts of endogenous phytase in their gastrointestinal tracts to hydrolyze phytate and release bound P (Ravindran et al. 1998; Sebastian et al., 1998) , diets are usually supplemented with an inorganic source of P. This supplementation is not only expensive but also fails to address the problem of over-supplementation, leading to 2 To whom correspondence should be addressed: sscheideler1@ unl.edu.
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plemented with phytases A and B than for hens fed the basal diet at low (0.10%) NPP (P < 0.05). There were no significant differences in egg production, egg weight, specific gravity, Haugh units, wet shell, or dry yolk percentages. Dry shell percentage was higher among basal diets at 0.15 and 0.25% NPP in contrast to phytase, whereas albumen and dry yolk percentages were significantly higher for diets with phytase than for the basal diet at 0.10% NPP. Bone ash percentage was uncharacteristically high in hens fed 0.10% NPP without phytase; however, mortality was 22% in this group. Phytase supplementation improved Ca and P digestibilities to varying degrees. Supplementation of phytase in normal, cornsoybean meal diets improved feed intake, feed conversion, and egg mass and elicited a response in shell quality and egg components at the low (0.10%) NPP.
potential environmental P pollution in soil and ground water. In areas of concentrated animal production, the excretion of excess P in the manure has posed an environmental concern (Ravindran et al., 1998) . As a result of economic and environmental concerns, there is renewed interest in using phytase to reduce the need for inorganic P supplements and to improve utilization of P present in feedstuffs.
Supplementation of animal feeds with microbial phytase increases P availability. This result has been observed in broilers (Kiiskinen et al., 1994; Mitchell and Edwards, 1996; Sohail and Roland, 1999) , swine (Young et al., 1993) , and turkeys (Ledoux et al., 1995; Qian et al., 1996) . Work published on laying hen performance Roland, 1997, 1998; Van der Klis et al., 1997; Carlos and Edwards, 1998; Um and Paik, 1999) has found beneficial effects of phytase supplementation on feed intake, egg production, egg weights, specific gravity, eggshell quality, bone ash, and Ca and P utilization.
The objective of the present study was to assess the efficacy of two different phytase sources supplemented to laying hen diets on hen performance, production parameters, and nutrient digestibility. 
MATERIALS AND METHODS

Experimental Design
Ten diets were fed to Hy-Line W-36 3 hens from 40 to 60 wk of age. The treatments consisted of a control with 0.35% nonphytate phosphorus (NPP), plus a 3 × 3 factorial arrangement with three levels of NPP (0.10, 0.15, and 0.25%) and three sources of phytase (no phytase, phytase A, and phytase B). Each treatment was randomly assigned to eight replicate cages for a total of 80 cages. Each cage (45.72 × 50.8 cm) was considered an experimental unit and contained five hens at a density of 464 cm 2 /hen. The experimental design was a randomized complete block with 10 cages representing each block for a total of eight blocks and two blocks across a row of 20 cages. The trial was conducted between April and August of 1998.
Diets
The experimental diets were formulated to meet National Research Council (1994) nutrient requirements of laying hens. The diets were standard, corn-soybean meal diets formulated to be isocaloric, isonitrogenous and to contain 3.85% Ca (Table 1) .
Phytases from two different sources were added to the diets at three different available P levels. (FTU)/kg feed. One FTU is the quantity of enzyme that releases 1 µmol of inorganic P/min from 0.00015 mol sodium phytate/L at pH 5.5 and 37 C. Enzymes were added to the basal diets in the Animal Science Department of the University of Nebraska-Lincoln. The dietary treatments used in this trial were as follows: 1) control diet with 0.35% NPP, 2) 0.25% NPP-no phytase, 3) 0.25% NPP-phytase A, 4) 0.25% NPP-phytase B, 5) 0.15% NPP-no phytase, 6) 0.15% NPP-phytase A, 7) 0.15% NPP-phytase B, 8) 0.10% NPP-no phytase, 9) 0.10% NPPphytase A, and 10) 0.10% NPP-phytase B.
Parameters Measured
Feed intake and egg production (EP) were recorded on a daily basis. Hens were given access ad libitum to 100 g of feed per hen per day. Egg production was calculated on a hen per day basis. Egg mass was calculated by multiplying egg weight by egg production, whereas feed conversion was calculated as the ratio of grams of feed consumed to grams of egg mass. The intake of NPP (mg/ hen per day) was calculated by multiplying percentage NPP in the diet by average daily intake. Hens were weighed individually at the start of the trial and on a monthly basis thereafter until the end of the experiment.
Egg weight and specific gravity were measured on a weekly basis by saving produced eggs from 1 d production. Two eggs per cage were used to determine Haugh units (Haugh, 1937) , eggshell breaking strength (Frank et al., 1964) , and egg components (% shell, albumen, and yolk) including yolk dry solids. These measurements were conducted on a biweekly basis.
Hen mortality was recorded daily during the course of the experiment. Production parameters such as feed intake and egg production were adjusted for hen mortalities. 
Digestibilities
At 45 and 60 wk of age, Cr 2 O 3 was added to all diets as an analytical marker for nutrient digestibility and was fed for 5 d. Representative fecal samples were collected from each cage on the last day of Cr 2 O 3 feeding to determine digestibility of Ca and P at 45 and 60 wk. The excreta samples from both collections were freeze-dried and sieved through a 1-mm screen to remove feathers and then were ground and packed in plastic bags for storage before analysis. Diets and excreta were analyzed for Ca, P, amino acids, and crude protein (Table 2 ). Calcium and P were determined by procedures established by the Association of Official Analytical Chemists (1984) . Chromium in the diets and feces was analyzed by the procedure described by Williams et al. (1962) , using atomic absorption spectrophotometry. Dietary and fecal samples were sent to Degussa Corporation 6 for crude protein and amino acid analysis. 6 Degussa Corporation, Allendale, NJ 07401.
The following equations were used to calculate percentage digestibility (Scott et al., 1976) :
Bone Ash
At 60 wk of age, six birds from each dietary treatment were killed by cervical dislocation, and their left tibiae were removed. The tibiae bones were boiled to remove any traces of flesh. They were solvent-extracted to remove fat, dried and ashed to measure bone ash percentage.
Statistical Analysis
Analysis of variance was performed on the data using the repeated measures analysis of SAS software (Proc Mixed, SAS Institute, 1995) for a randomized complete block design with a control diet and a 3 × 3 factorial arrangement. The data were tested for main effects of diet and week and for diet × block interaction. The following model statement was used:
where Y ijk = response measured, µ = overall mean, R I = block, α i = diet effect, β j = week effect, α R ij = interaction between block and diet, and ε ijkl = residual error.
The following contrasts were used in statistical analysis: P linear, P quadratic, control vs. Diets 2 to 10, enzyme vs. without enzyme, A vs. B, A vs. no phytase, B vs. no phytase, A vs. control, B vs. control, and 0.10% basal vs. phytases A and B.
RESULTS
Feed Intake, Feed Conversion, Hen Weights, and Mortality
Enzyme supplementation did not have a significant (P < 0.06) effect on feed intake of laying hens at low NPP (0.10%) ( Table 2 ). Hens fed diets containing 0.10% NPP and supplemented with phytase A or B had significantly (P < 0.01) greater feed intake compared to no phytase supplementation at 0.10% NPP. These hens consumed 2.07 and 3.87 g/d, respectively, more than those on the basal diet without phytase. There were no significant effects of enzyme supplementation on feed intake at higher NPP levels. Phytase supplementation significantly improved feed conversion of laying hens (P < 0.005) ( Table 2 ). Hens fed the lowest NPP diet without any enzyme supplementation were the least efficient among the 10 treatments with a feed conversion of 2.04. The 0.10% NPP diets with phytases A or B had feed conversions of 1.89. The most efficient hens were those fed 0.25% NPP with no phytase with a feed conversion of 1.86.
Daily NPP intake was significantly higher (P < 0.001) in the control diet in contrast to supplemented diets at all NPP levels ( Table 2) . Supplementation with either phytase source had no significant effect on NPP intake except at 0.10% NPP, with hens fed diets supplemented with phytase A or B being significantly (P < 0.005) higher than the basal diet. Hen weights were not significantly different among the treatment diets throughout the trial (Table 2 ). There was a 22% mortality rate among hens fed 0.10% NPP without phytase, whereas in other treatments mortality was <5% (data not shown).
Egg Production, Egg Weight, and Egg Mass
Enzyme supplementation did not significantly (P < 0.06) increase EP for hens fed 0.10% NPP with phytase A or B in comparison with 0.10% NPP without phytase. Egg weight was not affected by dietary NPP level or phytase supplementation (Table 3) . Egg mass was significantly affected by enzyme supplementation (P < 0.004) (Table 3) . Hens fed 0.10% NPP without phytase had significantly lower egg mass than hens fed diets with phytase at the same NPP level.
Egg Quality Measurements
Eggshell breaking strength was not affected when phytase was supplemented at the different levels of NPP (Table 4) . Wet and dry shell percentages were significantly different (P < 0.05) among the dietary treatments (Table 4 ). For 0.10% NPP, wet shell percentage was higher when hens were fed the basal diet compared to those receiving diets supplemented with phytase A or B. Dry shell weights were significantly greater (P < 0.05) than 0.35, 0.15, and 0.25% NPP basal diets, when phytase was supplemented, but had lower values than the basal diet at 0.10% NPP. Egg specific gravity was not significantly affected by phytase or NPP level during this trial (Table 4) .
Haugh units were not significantly different among the dietary treatments (Table 5 ). Percentage of albumen was not significantly different (P < 0.07) among the different treatments (Table 5 ). The control diet had significantly greater albumen than the rest of the diets (P < 0.05) with an albumen percentage of 58.17% (Table 5) . At the 0.10% NPP level, albumen percentage was significantly higher in diets supplemented with phytases A and B compared to the basal diet at the same level (P < 0.01). Wet yolk percentage showed no significant dietary effects (Table  5) , whereas dry yolk was significantly affected (P < 0.05) ( Table 5 ). The 0.10% NPP diet without phytase had sig-nificantly higher dry yolk than the other treatments (P < 0.05), whereas 0.35% NPP had the least. Within 0.10% NPP, the basal 0.10% NPP diet was significantly (P < 0.005) higher than diets supplemented with phytases A and B.
Bone Ash
Tibial bone ash percentage was highly (P < 0.001) affected by dietary treatments (Table 6 ). At 0.10 and 0.15% NPP, hens without phytase had higher bone ash percentages than when diets were supplemented with phytase. NPP at 0.10% without enzyme was higher than all the other diets with a bone ash percentage of 43.33.
Ca and P Digestibilities
Calcium digestibility (Table 6 ) at 45 wk was significantly affected by diet and phytase (P < 0.001). Supplementation of phytase A increased Ca digestibility significantly (P < 0.01) within all NPP levels compared to phytase B or no phytase. Calcium digestibility at 60 wk was significantly (P < 0.001) improved with phytase supplementation (Table 6 ). Diets supplemented with either phytase improved Ca digestibility significantly (P < 0.001) compared to no phytase diets. Calcium digestibility was as high as 60.39% in the low (0.10%) NPP diet supplemented with phytase A. Phosphorus digestibility at 45 wk significantly increased (P < 0.001) as dietary NPP level decreased (Table  7) . Phosphorus digestibility was significantly increased (P < 0.05) in hens fed diets supplemented with phytase A in contrast to phytase B at the 0.10 and 0.25% NPP levels. There was also a significant (P < 0.05) linear effect of P, in which P digestibility was higher at 0.10% NPP levels compared to 0.25% NPP. At 60 wk, P digestibilities were significantly (P < 0.003) affected by dietary treatments compared to the control (Table 7) . A significant (P < 0.001) linear P effect had an opposite response at 60 wk compared to the response at 45 wk. Digestibilities at 0.25% NPP were higher than at 0.10% NPP at 60 wk of age. Diets supplemented with phytase A at 0.25% NPP had the highest P digestibility of 47.31% at 60 wk. 
DISCUSSION
Although in the present study there was not a significant increase in feed intake with enzyme supplementation to laying hen diets at very low NPP intake, hens fed 0.10% NPP consumed 2.31 and 4.32% more feed when their diets were supplemented with phytase A or B, respectively. These findings are in agreement with those of Gordon and Roland (1997) , who reported that feed intake was 5.8% lower in hens fed 0.10% NPP diets without phytase.
A daily intake of 250 mg of NPP should be adequate for normal production and health according to nutrient requirements (NRC, 1994 ). In our current study, the average intake was 320 mg for the control diet and as low as 89 mg in the diet with 0.10% NPP with no phytase. The low P diet had a negative effect on feed intake at 0.10% NPP without phytase. At 0.10% NPP the hens were likely exposed to a P deficiency. One of the first signs of a P deficiency is anorexia, but it does not specifically indicate a P deficiency (McDowell, 1992) . The inclusion of phytase to this low NPP level possibly increased feed intake by liberating the phytate phosphorus.
Feed conversion was significantly improved by the presence of phytase in the 0.10% NPP diet (P < 0.05). Simons et al. (1992) found that adding 200 FTU/kg to diets without added inorganic P sources improved feed conversion. In contrast, Van der Klis et al. (1997) , and Um and Paik (1999) found no significant effects of phytase supplementation on feed conversion in laying hens. Most of the improvement in feed conversion in this trial was due to an increase in the denominator part of the equation-egg mass-as phytase was supplemented to low P diets.
Hen weights were not significantly different among dietary NPP treatments. Significant body weight increases have been reported by in other studies with phytase supplementation Roland, 1997, 1998; Carlos and Edwards, 1998) .
Egg production was not influenced by enzyme supplementation of either phytase except at 0.10% NPP. Egg production within this level was 2 to 3% lower in basal diet without phytase supplementation in contrast to supplemented diets. These results are similar to those reported by Gordon and Roland (1997) and Peter (1992) .
Egg weight was not overall affected by phytase supplementation, although phytase slightly improved egg weights in the low 0.10% NPP diet. Egg mass was significantly affected by phytase supplementation, as presented in the results. Hens responded well to phytase B at all NPP levels with increased egg mass as compared to hens fed phytase A. Enzyme supplementation markedly increased egg mass in hens fed 0.10% NPP from 45.16 g without phytase to 48.93 and 49.80 g for hens fed A and B, respectively. This increase was due primarily to increased rate of lay in the low 0.10% NPP diet with phytase supplementation. Carlos and Edwards (1998) also reported no effect of phytase addition to the diet on egg weight. Contrary to the present study, work by other researchers (Simons et al., 1992; Gordon and Roland, 1997; Um and Paik, 1999) found greater egg weights when low P diets were supplemented with phytase.
Eggshell quality measurements were not consistently affected by the level of NPP in the diet or phytase supplementation. Eggshell breaking strength was not significantly affected by any dietary treatments, whereas specific gravity of eggs showed a slight increase at low NPP levels compared to the control and some positive effects of phytase B. Other researchers have reported mixed results of phytase supplementation on eggshell quality measurements. Gordan and Roland (1997, 1998) reported improved egg specific gravity and shell weight at very low levels of NPP with phytase supplementation. The previously reported positive effects of lowering P on eggshell quality (Damron and Harms, 1982) may confound part of the potential positive effects of phytase on eggshell quality. Level of NPP can significantly affect egg composition, as shown with the data reported here. Hens fed the control diet (0.35% NPP) had greater albumen percentages compared to the other nine dietary treatments, irrespective of phytase supplementation. Dry yolk percentage was significantly affected by dietary treatments. Hens fed 0.10% NPP without phytase supplementation had the highest percentage of dry yolk at 15.36%. This change in proportion of albumen to yolk in the egg due to the level of available P has not been reported before.
Calcium digestibility was significantly increased at 45 and 60 wk of age by phytase source. Phytase A markedly increased Ca digestibility in contrast to B and no phytase at 0.10% NPP at 45 and at 60 wk. It is not known, however, whether phytase has any influence on Ca metabolism separate from that associated with liberation of P. Surprising to the authors, the percentage of bone ash was greatest in the low NPP basal diet. Hens fed low NPP basal diet appeared to be more conservative in bone turnover, perhaps due to P deficiency.
There was a highly significant positive influence of phytase supplementation on P digestibility at 45 and 60 wk of age, as expected. Hens responded well to supplementation of low 0.10% NPP with phytase A and had 15.97% improved P digestibility. Other studies (Sebastian et al., 1996; Carlos and Edwards, 1998; Um and Paik, 1999) found that supplemental phytase increased P retention by increasing the liberation of bound phytate P, which would be a positive indicator that P excretion in the manure is reduced due to the inclusion of phytase. Approximately 23.80% of the phytate P was released in the low 0.10% NPP diet due to phytase supplementation in this study. The only difference between phytase A and B was in Ca and P digestibilities at 0.10% NPP at 45 wk. Phytase A had significantly higher values than B as mentioned earlier.
From our results, we concluded that supplemental phytase has beneficial effects on the performance of laying hens. It is recommended that laying hen diets be formulated to provide 0.15 to 0.20% NPP with supplemental phytase to hens late in the production cycle. There is a high risk in reducing the available P levels to 0.10% and adding phytase. Egg production, mortality rate, and egg quality were adversely affected at this low level of NPP, which could be catastrophic to commercial producers even with added phytase.
The increase in P utilization and retention in hens has great benefits associated with the environment. Microbial phytase supplementation can decrease the level of phytate P excretion in the manure and limit soil and water contamination. Phytase supplementation can lower the cost of diets by reducing the amount of inorganic P sources added to diets and improving P utilization.
